Introduction
Homocystinuria is an inborn error of the metabolism of methionine associated with a deficiency of cystathionine synthase (EC. 4.2.1.13) in the liver and brain and inherited in an autosomal recessive pattern [3, 4, 8, 24] . The consistent phenotype includes: mental retardation in most cases, ectopia lentis, malar flush, thromboembolic and cardiovascular disease, skeletal deformities, and fatty liver [6, 13, 27] . Clinical and biochemical aspects have been reviewed recently [9, 12] . The fatty liver, unaccompanied by fibrosis, has been a fairly consistent finding at autopsy. Results of the various hepatic function tests, however, are normal [6, 27] . There is a twofold increase in liver lipids, the result of accumulation of triglyceride (neutral fraction) [6] . Examination of the fatty acids by gas chromatography reveals an increase in oleic acid, and decreases in palmitic, stearic, linoleic, and arachidonic acids [6] . The significance of these changes and their pathogenetic relation to the deficiency of cystathionine synthase are not clear.
Treatment of affected patients with massive doses of vitamin B 8 , the putative cofactor of cystathionine synthase, has resulted in salutary changes in the concentrations of free amino acids in the plasma in some cases: hypermethioninemia and homocystinemia disap-
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GAULL AND SCHAFFNER pear and concentrations of cystine in the plasma may return to normal in some, but not all cases [1, 2, 5, 7, 14, 15, 18, 19, 21, 30, 31] . Vitamin B 6 , however, does not appear to exert its effect on cystathionine synthase activity [15] , in some cases.
Biopsies of liver from four patients with homocystinuria taken before and after treatment with massive doses of pyridoxine have been studied by electron microscopy to define further the nature of the functional and structural changes in the liver, and to search for means of evaluating response to therapy. In this way, each patient serves as his own control, and difficulties in the assessment of treatment found in other rare inborn errors of the metabolism of amino acids are partially obviated.
Subjects and Methods

Patient 1
RC was an apparently fit, asymptomatic Puerto Rican male, 11 months at the time of first biopsy, and fed an apparently adequate diet ad libitum, without medication. After receiving 1,200 mg pyridoxine -£101/24 hr and a normal diet limited to approximately 75 mg/kg/ 24 hr of methionine, hypermethioninemia and homocystinemia disappeared, but cystine concentrations in the plasma remained virtually unmeasurable. At the second biopsy, he was 14 months old and had been on this regimen for 3 months without other medication. Activities of three enzymes of the transsulfuration pathway in the liver were measured in parallel in the same biopsy specimens. The activity of cystathionine synthase was absent before and after treatment; activity of methionine-activating enzyme (EC. 2.5.1.6) was present at normal levels before and after treatment; and the activity of cystathionase (EC. 4.2.1.15) was normal before treatment, rising sixfold at the time of repeat biopsy 3 months later [15] . Although he subsequently developed some subluxation of the optic lenses while under treatment, his growth and development have otherwise been considered normal.
Patient 2
MC was the 3-year-old sibling of RC. She presented with moderate mental retardation, severe ectopia lentis, and some genu valgum. Her regimen differed from that of RC only in that she required 800 mg pyridoxine-1101/24 hr to attain the same biochemical response. Activities of the enzymes of transsulfuration in the liver before and after treatment for 3 months were similar to those of her brother [15] . She was given no other medication at the time of the biopsies, although subsequently she has been started on 125 mg phenobarbital/24 hr for minor motor seizures, with apparent control.
Patient 3
LM was a 21-year-old, moderately retarded Puerto Rican male with severe ectopia lentis and thromboembolic disease. He showed persistent hypermethioninemia and homocystinemia after receiving as much as 1,000 mg pyridoxine • HC1/24 hr, and a dietary intake as low as 19 mg methionine/kg/24 hr with 13 mg cystine/kg/24 hr. The first biopsy was performed while the patient was receiving 35 mg methionine/kg/24 hr and 21 mg cystine/kg/24 hr, without supplementary pyridoxine; the second biopsy was performed 3 months later at the time the patient was receiving a diet containing 19 mg methionine/kg/24 hr, 13 mg cystine/ kg/24 hr, and 1,000 mg pyridoxine • HCl/kg/24 hr. At the times of both biopsies, he was also taking folic acid, 15 mg three times a day, but no other medication. Assay of the activities of the enzymes of transsulfuration in the liver gave results similar to those for RC and MC [15] . Although hypermethioninemia and homocystinemia persisted despite pyridoxine therapy, during a subsequent 5-day period when this medication was withdrawn by the patient, there was a striking change in behavior characterized by uncontrollable bursts of inappropriate anger that apparently remitted when he was placed on pyridoxine again.
Patient 4
MS was a 19-year-old Jewish male, with normal mentation, severe ectopia lentis, and skeletal changes. He showed no response to a regimen consisting of as much as 750 mg pyridoxine • HCl/kg/24 hr, administered intramuscularly, or 1,500 mg/kg/24 hr administered orally, with as little as 15 mg methionine/kg/24 hr and 13 mg cystine/kg/24 hr obtained from the diet. The first biopsy was performed while the patient was on a regimen on which the diet contributed 32 mg methionine/kg/24 hr and 21 mg cystine/kg/24 hr, without supplementary pyridoxine; the second biopsy was performed one month later while the patient was receiving a diet consisting of 15 mg methionine/kg/24 hr, 13 mg cystine/kg/24 hr, and 1,500 mg pyridoxine-HCl/ kg/24 hr. He received no other medications. Assay of cystathionine synthase in the first biopsy established the diagnosis unequivocally. Assay of methionine-activating enzyme and cystathionase were omitted in favor of in vitro studies of the metabolism of S5 S-methionine, to be reported elsewhere.
Hepatocyte ultrastructure in homocystinuria 25 
Liver Tissue
Liver biopsies were performed with a 70-mm by 1.4-mm Menghini needle. A sample, approximately 5 mm long, was placed in formalin for routine light microscopy. Two pieces, about 1 mm long, were placed in 4.0% glutaraldehyde buffered with cacodylate at pH 7.4 for 2 hours, and one was then placed in cold 1.0% osmium tetroxide, also buffered with cacodylate at the same pH. The osmium-fixed material was washed and dehydrated in graded alcohol and embedded in Epon 812 [23] . Sections were stained with periodic acid-Schiff and toluidine blue for lobular localization [29] , and then thin sections were cut with a diamond knife on an ultramicrotome [32] . These were stained with lead citrate and examined with an electron microscope [33] . Results were compared with those obtained in the examination of over 100 biopsies of children and young adults with various metabolic disorders of the liver, including several with hepatic steatosis. Measurements of the activities of the enzymes of transsulfuration and of the concentrations of amino acids in the plasma were as previously reported [15] . All liver biopsies were obtained while patients were in the fasting state because controls for the assays of the enzymes of transsulfuration were obtained under these conditions.
Results
Light Microscopy
The biopsy specimens of liver all appeared normal before and after treatment, except for modest accumulation of fat in the centrolobular hepatocytes (Fig. 1) . Glycogen deposition in hepatocellular nuclei in the periportal zone, usually seen in biopsy specimens from children near puberty, was not noted, and portal inflammation and fibrosis were absent (Fig. 2) .
Electron Microscopy
The over-all appearance of the hepatocytes was normal in all four patients. The borders between adjacent cells were normal, as were the bile canaliculi. The ualized. The cytoplasm of some hepatocytes was desinusoidal borders of every cell had some blebs or sopleted of glycogen presumably because all biopsies called edematous microvilli projecting into the space were obtained while patients were in a fasting state, of Disse (Fig. 3) . The distribution of chromatin in the Both glycogen-containing and glycogen-depleted cells nuclei and the nucleolar detail appeared normal in the near the central vein had one to three small fat dropglutaraldehyde-fixed material where these are best vislets, seldom larger than 5 /* in diameter, usually near Fig. 3 . Low power electron micrograph of the cells in Figure 1 showing small fat droplets and pigment granules (arrow). Several irregular microvilli are in the space of Disse (D). The smooth endoplasmic reticulum is hypertrophied and is in the form of small vesicles. X 8,000.
the sinusoidal border. Larger fat droplets occupying more than one-fourth of the area of the section of the cell were rare. The rough endoplasmic reticulum appeared normal in amount in about half the cells and reduced in the others. The smooth endoplasmic reticulum was increased in all cells, often in the form of small vesicles rather than tubules (Figs. 3, 4, 5) . The number of mitochondria per section of cell was normal, and the organelles were normal in size although one or two very elongated forms over 5 ^ in length were noted in each block. Megamitochondria or crystalloid inclusions in mitochondria were not found.
The shape of many mitochondria in each cell was unusual. There were finger-like projections up to 1 p in length and about 0.1 /x in diameter. Other mitochondria had ends tapered to a point instead of rounded ends. Occasionally, adjacent mitochondria were linked by narrow projections from each one (Figs. 6, 7, 8 ).
The mitochondrial matrix was of normal density except in the narrowed part, where it was more dense, and the dark granules were larger than usual (Figs. 6,  7) . Mitochondrial inner membranes and cristae were intact, but breaks were common in outer membranes (Fig. 8 ). Microbodies were normal in size and number, and the Golgi zones also appeared normal. Pericanalicular lysosomes were large and numerous in the centrolobular zone, more so than would be expected in normal young people. Some clearly were of autophagic origin, since they still contained recognizable remnants of organelles, and most contained residual pigment (Figs. 3, 5, 7) . The fiber bundles in the spaces of Disse were more numerous than in normal persons of comparable age (Fig. 4) , but the bundles were not enlarged.
No effect of pyridoxine therapy on the ultrastructure of the hepatocytes could be recognized in specimens from the same patient before and after treatment, even in patients 1 and 2, who showed a partial salutary effect.
Discussion
Two organelles, the smooth endoplasmic reticulum and the mitochondria, were altered in the hepatocytes of patients with homocystinuria. Although the significance of these changes should be expressed in terms of altered function, present knowledge of correlations of ultrastructure with function render discussion somewhat speculative. Although none of the changes described was specific, the constellation of structural changes seen in these four patients was consistent and unique. That they occurred in association with a specific enzymatic deficiency in patients receiving no medication renders them of unusual interest.
Each of the mitochondrial abnormalities may have a different significance. Breaks in the outer membranes have been encountered in alcoholic cirrhosis in man, although usually in megamitochondria with inclusions of crystalloid, and following administration of toxins such as dieldrin or butter-yellow to rats, under which conditions mitochondria are swollen [22] . Neither megamitochondria nor swelling of mitochondria was noted in the livers studied here. The outer membrane of the mitochondria contains both structural and enzymatic proteins [17, 25] , including enzymes of fatty acid elongation and oxidation. In light of the changes in the fatty acid profile [6] , further study of the metabolism of fatty acids in this disease seems warranted. Mitochondria with peculiar finger-like or pointed projections were reminiscent of mitochondrial changes that have been described in the mucopolysacchridoses [20] , but no relation to homocystinuria was apparent. Increases in the size of the intramitochondrial dense bodies have been related to the amount of calcium in the organelle [26] , although this has been disputed.
Increase in the smooth endoplasmic reticulum is most often associated with inductive adaptation to exogenous toxins and drugs, but the initial biopsy in each of our cases showed these changes without any known exogenous inducers. It would be of interest to know whether or not this hypertrophy of smooth endoplasmic reticulum was accompanied by hyperactivity of enzymes characteristic of this organelle, e.g., hydroxylases, nitroreductases, demethylases, and hemoprotein P450. or whether it represents a hypertrophic, hypoactive smooth endoplasmic reticulum [22] .
Whether or not the increase in smooth endoplasmic reticulum represents a response to an endogenous inducer or toxin cannot be determined. One possibility is that methionine, which was found to accumulate intracellularly in a biopsy from a patient with homocystinuria and was accompanied by an even larger accumulation of methionine sulfoxides [28] , induces the proliferation of the smooth endoplasmic reticulum. Analogously, chlorpromazine, which is enzymatically converted to a sulfoxide as the first step in detoxification [16] , induces proliferation of the smooth endoplasmic reticulum. Although the concentrations of methionine and homocystine in the plasma were reduced in patients RC and MC, it is not known to what extent the intracellular concentrations were affected. This point is now under investigation.
The numerous pigment-containing lysosomes in the pericanalicular zone, including some autophagic vacuoles, suggested that organelle turnover had been increased, possibly as a result of injury. The breaks in the outer membranes of the mitochondria supported this suggestion, as did the increase in the number of collagen bundles in the space of Disse. The injury and iibrosis, however, were so mild that clinically apparent liver injury would not be expected to occur, and, in fact, results of routine hepatic tests were normal in all four patients.
The fact that the structural abnormalities persisted even when massive doses of pyridoxine resulted in a disappearance of the hypermethioninemia and homocystinemia in patients 1 and 2 supports the hypothesis that accumulations of metabolites proximal to an enzymatic block do not alone result in all of the phenotypical manifestations of the disease [7, 10, 11] . Some patients with homocystinuria treated with massive doses of pyridoxine also show a return to normal of the low concentrations of cystine in the plasma; i.e., metabolism of compounds distal to the block is favorably affected. Two such patients have been studied enzymatically but not ultrastructurally [15] . The role of abnormal metabolism of cysteine in homocystinuria and its possible role in the pathogenesis of the ultrastructural changes appear worthy of further study. These findings reinforce the contention that examination of blood is not a total body biopsy and that the concentrations in the plasma of metabolites proximal to the enzymatic block may be an incomplete index of a salutary therapeutic response [10, 11] .
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Summary
Hepatocytes from four untreated patients with homocystinuria showed bizarrely shaped mitochondria and an increase in the smooth endoplasmic reticulum and lysosomes. Breaks in the outer membranes of the mitochondria and mitochondrial dark granules which were larger than normal were also seen. This picture remained unchanged in two patients who responded to massive doses of pyridoxine with disappearance of hypermethioninemia and homocystinemia, suggesting that accumulations of these metabolites were not responsible for the ultrastructural changes in the liver.
